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INTRODUCTION

This report is a compilation of the papers given at a
Workshop on Conformal Antenna Arrays held at "Crystal City"
Arlington, Virginia, on 15-16 April 1975. The objectives of
the Workshop were twofold:

(1) To present to the antenna community the significant
results that had been achieved on the conformal antenna re-
search program, sponsored by the Research Administrator's
Office of the Naval Air Systems Command, and to highliqght
other research uniquely related to the application of such
arrays.

(2) To seek the viewpoint of recognized leaders in the
field of antennas as to the problem areas which have not yet
been solved and thus where future research should be concen-
trateé.

To all of those who presented a paper at this Workshop,
your efforts are greatly appreciated.
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CONFORMAL ARRAYS IN
TACTICAL MISSILES, RPVs, AND AIRCRAFT

by

F. C. Alpers
Consultant for Advanced Concepts
Electronic Warfare Department
Naval Weapons Center
China Lake, California

This presentation discusses, in general terms, a number of poten-
tial applications for conformal antenna arrays in surface- and air-

v launched tactical missiles, remotely piloted vehicles (RPVs), and Navy
and Marine Corps aircraft. It will not enter into any array design
technology ncr suggest just how the various conformal arrays that are
mentioned might be achieved. Note that the applications to be shown are
described as "potential"; the writer knows of no specific plans to
procure antennas for the particular applications described, and this
discussion should in no way be interpreted as a call for "unsolicited"
proposals in the areas discussed. Rather, the intention is to point to
typlca. application needs and challenges toward which array design
specialists might aim a portion of their research and exploratory
development efforts. Also note that the presentation is unclassified.
This means that certain details and relationships to specific Navy
weapons or aircraft may not be brought out, and a number of your ques-
tions may go unanswered. Persons having a need for classified data on

{ specific antenna applications should establish security clearances and

approach technical perscnnel in the appropriate systems command.

SURFACE-TO-AIR MISSILES

Two potential new surface-to-air missiles (SAMs) for the Navy are
illustrated in a general way in Figures 1 and 2. These are a short
range SAM which individual ships could use to defend themselves against
en2my missiles or aircraft that penetrate other defenses, and a new
medium-size SAM that might present certain advantages over pres2nt
weapons in providing area air defenses for a Fleet Task Force, convoy,

or the like.

As 1s indicated in Figure 1, the short range, point defense SAM
might use an active microwave seeker to guide the terminal portion of i
its flight, and such a seeker could profit by use of a conformal array
around the missile nose. As a rough indication of size, the nose might
involve a 2:1 ogive with an 8-inch base. (While the 8 inches is drawn
! from certain system considerations, the 2:1 taper--like other "for
; instance" numbers that follow--should be interpreted as flexible.

' Moreover, at this point it does not appear consequential to go into
further detail, such as whether the ogive should be tangential, Von
Karmen, or other.) Missile size and accuracy considerations would point
to selection of a high microwave frequency fcr thte seeker. The fact

that threats for point defense tend to be incoming radially limits the
need for of f-axis seeker operation to perhaps 25° (much of which accom-
modates the missile's own angle of attack). Size and cost considerations
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(large numbers of this missile would be desired) would point to a low

"4

i transmitter power level that should cause no significant problem in the
, array design. Also, the missile velocity and flight duration should
] present no material temperature problems. However, the desirability of
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two-dimensional monopulse reception for quick response may lead to
various complications in the array design.

Another application of conformal arrays to a point defense SAM
might come in the fuze target detection device (TDD). TDD antennas for 3
nearly all missiles have been conformal, so this is not unusual, §
However, whether an optical or RF fuze would be used, and, if the latter,
what operational requirements might be imposed, are questions that
relate closely to warhead design and other classified areas and are ]
therefore not amenable to discussion here. These comments on conformal !
antennas for fuzing similarly apply to other missiles that will be b
discussed herein.

The advanced area defense SAM, which is illustrated only in a
general way by Figure 2, also might benefit by use of a conformal
antenna in its terminal guidance mode. This weapon would naturally be
expected to differ from the point defense missile in size and velocity
(e.g., 14 in, diameter and Mach 3-4), but there are also other differences
that may radically alter the array design problems. One is the strong
possibility that chis missile would be a ramjet type, which would take
away much of the forward aperture and probably require an end-fire
design to provide necessary dead-ahead antenna coverage. Also, it might
be highly desirable to operate interchangeably between passively homing
on an enemy emitter and actively homing on echo signals resulting from
a rissile-borne transmitter. This would require an antenna or set of p
antennas that might operate at a middle microwave for the active trans- 5
mission and reception, and at other bands for passive reception. Yet
other differences from the point defense SAM are in the angular coverage
required of the antenna (circa 40° vs 25°) and a higher peak transmitter
power that must be accommodated. Again, two dimensional monopulse
reception would be highly desirable.
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AIR-TO-AIR MISSILES ;

Some applications of conformal antennas to possible new air-to-air
missiles (AAMs) are illustrated in Figures 3 through 5. The first
missile, identified as a '""dog fight" AAM, would be one intended for
cluse-in aerial combat where friendly and enery aircraft are intermixed
and it may be necessary to close to visual recognition range before
launching a weapon. The second missile illustrated is a medium range,

' general purpose AAM that could be regarded as a follow-on to the present i
SPARROW weapons. The third is an AAM which would offer longer range and s
higher velocity than weapons disclosed to date and which might be

b developed to give greater depth to present Fleet defenses.

T

The so-called "dog fight'" AAM that is shown bears certain similarities
to the point defense SAM previously discussed, but important differences
might arise. To operate against highly maneuvering aircraft rather than i
radially incoming targets, a much greater maneuvering capability might
be required of the AAM, and tracking targets at extreme angles (e.g.,
120°) off the missile axis might be required. As oppcsed to an optical
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approach, a microwave guidance design could provide the dog fight AAM
with a capability to track enemy aircraft into clouds, and operation at
a high microwave frequency would probably be attractive for the missile
ranges of interest. To free the launch aircraft from any requirement to
continuously position itself at certain angles from the target after the
missile is launched, a guidance system that can operate independently
from lazunch to impact would be desirable, and this might lead to an
active system with higher transmitter power than would be required for
terminal guidance only; however, the required power would probably not
be high enough to cause serious problems in array design. Again, two-
axis monopulse operation is strongly desirable.

For guidance of the advanced medium-range AAM (Figure 4), certain
requirements for the guidance antenna could be relaxed frcm thuse cf the
dog fight AAM, but others could be more difficult. The tracking cone
might be limited to 50°, but the missile velocity would probably be
higher, resulting in higher nose temperatures. A somewhat sharper ogive
(perhaps 3:1) would be desirable for aerodynamic reasons. A more
consequential difference, however, might be a desirability of providing
for as many as three modes of operation: semiactive and passive for
midcourse guidance, and active a~d passive for rerminal operation. The
active and semiactive operations might be within the same frequency ban:
but the passive operation would be at frequencies and polarizations
dictated by specific enemy threats. Another difference might be the use
of a continuous wave (cw) or other signal format rather than the more
common pulse type.

Although the missile configurations and sizes might be significantly
different, the terminal guidance for the long range AAM of Figure 5 and
that for the previously discussed area defense SAM could be fairly
similar. The chief difference might arise from the need to use a smaller
radar to support midcourse guidance for the airborne weapon, and a
ccreequent requirement for longer range terminal operation. This could
lead to use of a larger antenna aperture and a higher frequency.

CRUISE MISSILES

Cruise missiles, which might be either air- or surface-launched,
could aiso make use of various conformal antennas. These would be
moderate or long rarge weapons that would typically be launched at a
relatively safe standoff from enemy defenses. Two examples appear in
Figures 6 and 7. The first of these might be configured to attack ships
and the second to strike important land targets.

The cruise missile postulated in Figure 6 is one that uses a
forward-directed, rapidly scanned, active seeker beam to acquire and
track the target. Here the antenna is assumed to be confcrmal with a
fixed ventral airfoil placed well forward on the missile. The suggested
arrangement could give a wide aperture, and hence a narrow beamwidth, in
the yaw plane. Operation wou!d probably be at a very high microwave
f requency.

Several much different types of conformal arrays are suggested hy
the missile configuration in Figure 7. The antennas shown in the nose
and belly of the missile each feed signals to microwave radiometer
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(MICRAD) receivers. These passive MICRAD signals are essentiall. white
noise within a relatively broad reception band established by the
respective receiver, and thus they offier no sustained phase coherency

on which to base phase relationships over a wide aperture. That is, for

an antenna with an aperture that is many wavelengths in width, the
formation and control of a narrow receiving beam must depend on broad-

band focussing trechniques such as provided by lenses, rether than on
techniques that depend on specific values of phase snift from element to
element. For the cruise missile application that is shown, the MICRAD
system in the belly develops data to aid the missile navization by scanning
the terrain below, while the system in the nose serves a hormirg function.
Missile-borne MICRAD systems will typically opercie at mil'imecer frequencies.

REMOTELY PLLOTED VEHICLES

Although the Navy has not evidenced an incerest in remotely piloted
vehicles (RPVs) to the szme extent as the Air Force and Arry, these
small, unmanned aircraft have the potential to expind the capuabilities
of the surface Navy in a number of wmissicns. Primarily, thev oifer
ships smaller chan carriers an opportunity to operate airvorne platforms
and extend the horizon limits of sensors without certain limitations
that would be imposed by helicepters. Two naval RPV applications ar:
illustrated in Figures 8 and 9. The first of these shows an application
for a sea control mission, and the second rfor operations against littora!
areas.

In Figure B8 a medium size RPV carries a radar or pair of radars
that scan a large swath of ocean surface on both sides of the vehille
as tne latter moves forward along a prescribed nath. Conformal arrays
of the size noted (or perhaps larger) would provide fan bears that
normally could look directly to port and starboard of the RPV, but might
be angled as much as 3G° ahead or behind under remote control in order
to concentrate the scan on a particular area or target of interest. 7To
provide detection of distant targets a high peak power would be used.

A middle microwave band would appear to offer an advantageous frequency
choice.

The similar RPV that is shown in Figure 9 has no radar but instead
is equipped for all-weather reconnaissance of land areas bv use of a
MICRAD system. It is shown with a conforma! array that would hove the
same design restraints related to a noisc-like signal that were noted in
the case of the cruise missile MICRAD application above. For the RPV
use illustrated, a pencil beam would be required to rapidly scan the
terrain below the missiie as the latter moved forward ac high snecl
(necessary for survival), and therel; would accumulatz a MICRAD "photograph"
oi the region traversed.

PATROL AIRCRAFT AND HELICOPTERS

As compared to the Figure 8 system, a more complete ocean surveil-
lance function, using other sensors as well as radar, could be performed
by a manned patrol aircraft as illustrated in Figure 10. Moreover,
patrol aircraft missions would include such activities as locating small
objects amid sea clutter, and these would influence radar and anteuna
designs. Thus the antennas sketched in Figure 10 are to combine to
provide 240° search coverage in the yaw plane, and, in comparison with
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the RPV, a somewhat higher frequency might be selected to provide
increased resolution. To adapt to a variety of missions, most of the
remaining radar parameters might be variable.

A helicopter with a conformnl radar is shown in Figure 11. This
r.ight perform surface searclt. functions similar to those of the above
patrol aircraft, but generaily at muc™ shorter range. For search and
rescue missions it would be necessary to detect small objects (such as
a downed pilot) in choppy seas, and such detection would typically
require a narrow beam and very short pulse to obtain a satisfactory
signal-to-clutter ratio. From an aerodynamic standpoint, the value of
a conformal antenna is not nearly as great for a heliropter as it is for
the missiles and high-speed RPVs previously discussed. However, con-
formal arrays could still be of high interest because of weight savings,
better reliability and maintenance (no moving parts), and possibly
reduced cost as well. (This statement with respect to aerodynamics
might also apply tc the above patrol aircraft, but to a lesser extent.)

FIGHTER AIRCRAFT

Potential advantages of conformal arrays to high performance fighter
aircraft are readily apparent. Two such applications are brouzht forth
in Figures 12 and 13. A vertical take-off and landing (VTOL) fighter as
shown in Figure 12 could benefit by use of a conformal nose array for
its basic airborne intercept (AI) radar, with a dual mode operation also
providing passive direction finding (DF) on incoming signals from enemy
radars. The active radar operation might be at a moderately high band,
while the passive DF operation would, of course, be matched to enemy
threat bands and appropriate polarizations., For ease in detecting
targets flying at low altitudes over a cluttered sea, the AI operation
might involve pulse doppler (PD) signal formats. In a VTOL aircraft it
is of great importance to limit equipment weight, and this is a param-
eter in which a conformal design might markedly excel .1 more conven-
tional approach.

While dual mode operation of the equipment in the VTOL nose might
serve for detecting enemy radar signals arriving from the forward
hemisphere and thereby warn the pilot of special threats, conformal
radar warning (RW) antennas ana related receivers elsewhere in the
aircraft would be desirable for rear hemisphere coverage. Details of
such requirements are classified, however.

For a catapult-launched (i.e., non-VIOL) high performance fighter,
a possible application of conformal array technology might lie in making
feasible a fairly long range warning radar without introducing an
unacceptable aerodynamic penalty. As is indicated in Figure 13, such a
fighter could fly as an escort to strike missions or serve a combat air
patrol (CAP) role near Fleet units without receiving targeting support

from the rela.ively slow, single purpose, airborne early warning aircraft.

In other words, the suitably arrayed escort or CAP fighter could maiatain
surveillance of the air space through some 270° in much the same way
that the above patrol aircraft provides an ocean surveillance function.
High power transmission would be required, and operation might be at a
middle microwave frequency.
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ATTACK AIRCRAFT

A remaining group of applications for conformal arrays relates to
aircraft for attacking surface targeti. These aircraft may be engaged
in any of a variety of missions: (1) close air support (attacking enemy
troops in immediate contact with own forces); (2) general air support
(attacks on enemy ground forces in the overall battle area); (3) armed
reconnaissance (locating and, if advisable, attacking enemy ground
forces and logistic elements wherever they migh* be found); (4) inter-
diction (disrupting the flow of enemy suppiies to the battle area); and
(5) air strikes (attacks on factories, refineries, power houses, etc.,
that contribute to the enemy's war making capacity). A variety of Naval
and Marine Corps fixed wing aircraft and Marine helicopters carry out
such missions.

Close air support might be rendered by a 'gunship" helicopter or Ly
certain fixed wing aircraft. The gunship concept, together with a
conformal radar for operation in foul weather, is illustrated in Figure
14. A wide antenna aperture, a high microwave frequency, and a very
short pulse are combined to give the very high resolution at short range
that is essential to this type of operation. A moderate power would
suffice, but the conformal array must perform a rapid electronic scan
through as much as $30° in azimuth to "paint" a detailed radar picture
from which the pilot or gunner can identify and attack the desired
target.

A use of conformal arrays in general air support or armed recon-
naissance is suggested in Figure 15. The configuration shown postulates
a Navy adaptation »f the Air Force A-10 which has limited space in the
nose of the aircraft because of a large gun that is carried. In this
case a ground search radar function might be implemented by a conformal
antenna on one of the wheel housings as shown. The radar characteristics
could be similar to those of the gunship radar discussed above, but with
a smaller aperture the resolution would be lower. However, this might
be acceptable where targets are generally larger and the immediate
proximity of own troops is not a problem.

Aircraft used in all-weather strikes and interdiction operations
might be aided by the conformal array designs suggested in Figure 16.
Besides arrays for interaircraft communication and radar warning, a
fairly large MICRAD antenna is shown on the underside of the aircraft.
If it can withstand the environment, a thin conformal array might be
located at the position shown (below the engine intake and just forward
or aft of the nose wheel) where a conventional antenna, such as a feed
system and parabolic reflector, would be out of the question. From this
vantage location the MICRAD system could derive ailrcraft position fixes
and provide all weather data in support of targeting without revealing
the aircraft's position by active transmissions. A very narrow pencil
beam is necessary to reveal desired terrain details from altitudes of
interest, and a rapid scan is necessary to gain all the desired data
before the aircraft moves on. Lightness in weight is again desirable.

Yet another application of conformal array technology that might
aid attack aircraft would be in helping to implement a standoff recon-
naissance capability as indicated by Figure 17. Here a synthetic array
radar carried in a pod develops detailed radar data on a strip of terrain
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X far >ff to starboard of the aircraft as the aircraft flies a prescribed
1 flight path parallel to that strip. The conformal antenna approach

3 would allow all ne.essary components, including a fairly powerful

f transmitter, to b.- carried within a reasonable size pod. (The antenna

A and other radar components might have been shown imbedded in the fuzelage ’
4 of the aircraft itself, except current Navy policy does not favor aircraft ]
- specially configured for reconnaissance duty.) An added requirement ]
9 would probably be that the radar beam he slewable fore and aft perhaps
; 45° in order to allow a prolonged or repetitive look at a terrain areu 1
3 of particular interest. j
¢ ¥ k
3 CONCLUSIONS

. A successful maturing of conformal array technology can cont~ibute {

very significantly to future tactical missiles, RPVe, and manned aircraft :
systems for the Navy. Aside from the obvious advartages in form factor :
and aerodynamics that a conformal design can provide, advantages in i
h reliability and maintenance (no moving parts) and ir lightness in weight

9 can be highly important. A variety of functions may be performed:

] miss’le guidance, missile fuzing, missile and aircraft position fixing,
all-weather reconnaissance, airborne intercept, surface search, radar
warning, and others. Frequencies of interest appear to stretch from the
middle to the very high microwave bands, depending upon particular
applications. Some needs call for narrow pencil beams and others for

fan beams, and nearly all require a beam scannirng or tracking capability,
with the scanning generally being rapid--beyond speeds normally associated
with mechanically scanned antennas. A particular challenge can be found
in conformal antennas for MICRAD devices where the signal is noise~like
and broadband, so that precision element-to-element phasing techniques

may be unworkable.
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POLARIZATION REQUIREMENTS FOR CONFORMAL ARRAYS
W. H. Kummer

Hughes Aircraft Co.
Culver City, CA 90230

Introduction

This paper is concerned with the polarization problems re-
sulting from the use of radiating elements located on non-planar
surfaces.

If a planar phased array is considered with all the radiating
elements oriented to produce a given polarization, then tlie radiated
polarization of a pencil beam will be that of the radiating element
projected in the beam pointing direction. In other words, the ele-
ment pattern can be factored from the summation in the equation
for the radiated far field. If linearly polarized ~lements are used
in an array for a radar system, then linear polarization will be
transmitted and linear polarization will be received irrespective of
the depolarization of the returns from the targets. For tracking,

a monopulse system can be formed by dividing the array into four
equal parts and using the output from each part appropriately to
generate one sum channel and two difference channels. The depth
of null, or tracking accuracy will depend on the antenna design:
e.g., factors such as tolerances and fineness of phase control
available on the phase shifting devices.

The conformal or non-planar arrays can be separated into
several generic shapes such as the wedge, the cylinder, the cone
and the sphere. The cylinder and cone will be discussed.

Cylindrical Arrays

For the pupose of this paper it will be assumed that the radiat-
ing elements will be equally spaced in azimuth and will be located
in elevation on generatrices of the cylinder. As far as the limits
of scan in azimuth, weinay distingu%sh two cases: a scan of 360
in azimuth and a scan less than + 90 In the first case, the best
design is to have physical symmetry for the layout of the radiating
elements, (Fig. 1), so that all elements are oriented parallel to
the generatrices. Since only part of the radiating elements contri-
bute significant energy in the beam pointing direction, only that
useful fraction of the elements is excited. This set of elements,
the active sector, is commuted around the array as the beam is
scanned in azimuth. Thus there is physical symrietry about the
plane containing the beam pointing direction. In the second case
the active array includes all the radiators, and phase scanning is
used to obtain beam motion in azimuth. A combination of the two
techniques is also possible.
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In the first technique, the physical symunetry assures that the
sum pattern will be symmetric for symmetric excitation.

Linearly polarized elements such as axial or circumferential
slots can be used as the radiating elements. These are linearly
polarized elements. However, since these physically realizable
elements are not isotropic, the amplitudes will be different in di-
rections away from the beam pointing direction. The element
pattern cannot be separated from the array factor as was the case
for th: planar array.

If we establish difference patterns in the azimuth and elevation
planes there will be no cross polarization generated for a beam
perpendicular to the generatrix (a broadside beam). If the beam is
scanned in elevation, the polarization radiated by the elements lo-
cated on the central generatrix will still be unchanged. The polar-
ization from all other elements will be rotated with respect to the
central generatrix. For the sum pattern the polarization will still
be parallel to the central generatrix. For the difference patterns
the antenna will respond to 2 cross polarized component.

If we examine the second case where the beam is scanned
both in azimuth and elevation frora the broadside direction, then
there will be tracking errors for most beam positions. For a beam
scanned in azimuth the amplitude from each quadrant will be the
same if the elements are omnidirectional in that plane. Thus each
quadrant will have equal excitation and there will be no tracking
error. The scan cannot exceed one-half of the arc of the active
sector; otherwise, some elements will be shadowed. If the ele-
ments are directional in that plane, then the amplitudes from the
quadrants symmetrical about the generatrices will be unequal and
no null will be obtained.

Conical Surfaces

If we now place the same array configuration on a conical sur-
face, we encounter polarization problems even for a broadside
beam. Broadside is the direction of a beam perpendicular to the
generatrix centered in the active part of the array.

Circumferential slots will generate a polarization component
parallel to the cone axis. This fact can be seen by examining
Figure 2. However, a component perpendicular to the cone axis
will also be generated for slots not on the central generacrix. For
the sum pattern this cross-polarization component will vanish in
the beam pointing direction. For the azimuth difference pattern,
the cross-polarized component will peak. If there is a cross-
polarized component in the incident field, there will be null filling
and the possibility of a null shift. The same prchlem occurs for
the elevation difference pattern with an additional complication.

In order to obtain equal amplitude one mwust use unequal areas that
generate the elevation difference patterns. Similar arguments hold
for radial slots.
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In the general case, the return signal, irrespective of its
polarization, will give rise to two patterns in the difference port.
; Each pattern is weighted by the field strength of that particular
1 polarization. There will be a pattern with a null in the beam point-
§ ing direction and a second pattern with a peak. Similarly, there
y will be two patterns in the sum port. For symmetrical excitation
g the one pattern will have a null and will not affect the boresight
of the sum beam. In general, both sum and difference channels
G will respond to the cross polarized component.

Thus, the creation of sum and difference patterns in the con-
. ventional way using elements with fixed polarizations is not appro-
] priate for conical arrays. Variahle polarization for the radiating
‘ ¢lements is one straightforward solution. Other methods have

also been suggested.
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Discussion of a Symmetrical Multibeam

Feed Networks for Circular Arrays

Paul Shelton

Naval Research Laboratory

Introduction

This paper reviews a paper presented by the author at the first
Conformal Array Antenna Conference held in January 1970.1 Two errors
in the original paper are pointed out, and the implications of these
errors on the circular array symmetrical multifeed synthesis technique

are discussed.

Review of Synthesis Technique

The reference paper sought a feed structure for generating multiple
beams from a circular array which would have the same symmetry as the
array. The proposed method takes transmission lines from the radiators
and arrays these lines into cylindrical sets of parallel-coupled regions,
an example of which is sketched in Figure 1. The synthesis procedure
considers the aperture distribution in terms of the orthogonal
eigenfunctions of the circular array. These functions are uniform
amplitude distributions with progressive phase characteristics. It is
possible to calculate the far-field phase of these eigenfunctions, and
it is also possible to calculate the phase delay of the eigenfunctions

through the coupling networws. Because of the circular symmetry of the

1. J.P. Shelton, "A Symmetrical Multibeam Feed Network for Circular
Arrays', Conformal Array Antenna Conference, January 1970.
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coupling networks these eigenfunct’ons apply to both the array and the
networks. It was shown that the number of degrees of freedom required

to focus the ei;enfunction radiation patterns into a maximum-gain beam is
N/2, corresponding to the number of coupled regions. A set of

equations of the form,

N/2 2{ ik
8(1) - 8(0) = -2 2¢(k) sin (‘ﬁ—) , (1)
k=1
N/2
was derived, where 8(0) = 2, 2c(k).
k=1
and ¢(k) = coupling strength of kth region,

8(i) = phase of ith eigenfunction,

N = number of elements in array.

It was stated that Equations (1) can be solved by matrix iuversion, and
a sample synthesis was performed. The resulting c(k) were positive and

negative, and procedures were presented for obtaining c(k) of all one sign.

Errors in Original Paper

The synthesis technique described in the original paper and reviewed
briefly above has (at least) two errors. First, the solutions of
Equations (1) by matrix inversion, although normally the correct technique
for solving a set of simultaneous equations, is an error in this case
because the matrix elements are Fourier components. Thus, a straightforward
Fourier analysis serves to solve for the c(k).

Second, solutions were sought for which all c(k) are of the same sign
under the tacit assumption that only positive c(k) can be realized in

practice. Actually, either plus or minus c(k) can be recalized by the

21
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technique shown in Figure 2. if a given c(k) is obtained for a set of
parallel-coupled transmission lines, the coupling - c(k) can be obtained
by iutroducting m phase shift into alternate lines on each side of the
coupling region. Note that this technique applies only to coupling'
regions with even number of transmission lines. Thus, to be assured

that the technique is always applicable, the number of elements in the

circular array must be N=» 2P.

Jiiscussion

Tue use of Fourier analysis to solve for the coupling coefficients
does not alter the results of the original paper. It simplifies the
computation of the coupling coefficients.

The ability to realize both positive and negative coupling
coefficients materially alters the results of the original paper. It
is found that the total coupling strength, i.e., the sum of the
coupling coefficients, is approximately equal to the total coupling

that would be used in a Butler-matrix fed wultibeam circular array
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CONICAL ARRAYS, STUDIES AND EXPERIMENT

A. T. Villeneuve
Hughes Aircraft Co.
Culver City, CA 90230

1. Introduction

The purpose of this paper is to present a summary of studies

* that have been conducted at Hughes Aircraft Co. on pattern analysis
and synthesis for slots on conducting conical surfaces. The study
reported here has consisted of several parts, which will be describ- !

: ed herein. The parts may be classified as follows: Heuristic pat- ] E
tern synthesis techniques; equivalence principle pattern synthesis i :
technique; modal series solution for the total radiation fields from '. ;
circumferential and radial half-wave slots; asymptotic solution for '
the total radiation fields from circumferential slots. |

e R i

2. Pattern Synthesis Techniques

IPEEr N T

Each antenna application has certain coverage requirements |
that dictate pattern characteristicz to be approximated. For exam- .
ple, the beamwidth, sidelobe level and polarization of pencil beam !
patterns may be specified, and the antenna excitation must be de- i ;
termined to provide the desired pattern.

For arrays on planar surfaces, well known techniques are a-
vailable to synthesize the required sources. Even for arrays on
cylindrical and spheroidal surfaces, sources can be synthesized, at
least in theory, by projecting the required cylindrical or spheroidal
wave functions from the farfield back to the array surface. However,
for most curved surfaces no synthesis techniques are available.
Heuristic techniques can be used to form beams in specified direc-
tions by proper phasing of elements and by using a projected aper-
ture concept to taper amplitudes in an attempt to control beamwidth
and sidelobes, and for some surfaces with small curvature this
technique may work well. However, accurate control of beamwidth,
sidelobe levels and polarization is difficult for most curved surfaces.

e

A method ofelement excitation that leads to maximum gain for
independently fed elements, is the adjustment of the amplitudes of
the elements in proportion to the relative field strength of their
patterns in the beam pointing direction. This weighting may be
termed optimum weighting. It does not provide sidelobe control
and, depending on the selection of active aperture shape, may not
give equal E-plane and H-plane beamwidths. In order to achieve a
desired polarization in the beam pointing direction when the beam
18 movable, a variable polarization element must be used. A small
circular aperture or a crossed-slot element has this property. The
latter has been used in calculating patterns. A number of patterns
have been calculated for optimum weichting and various beam point-
ing dircctions. (Kummer, Scaton, Villencuve 1973) They provide 4
well defined beams and, depending on the number and arrangement
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of elemcnts their sidelobe levels may be kept low. Some examples
of patterns from crossed slots located as shown in Figure 1 are
shown in Figure 2 through 5. The patterns were calculated using
simplified approximate element patterns that neglected tip diffrac-
tion. For the radial slots, they were essentially approximations

to element patterns of slots on cylinders, while for the circumferen-
tial slots, the natterns of slots on planes were used. Figure 2 is

an E-plane pattern >f a beam along the cone axis. Figure 3 is es-
sentially the corresponding H-plane pattern. It shows that the E-
plane and H-plane beamwidths are not the same, even though the
projected apertures in both planes are the same. The correct .
excitation to equalize these beamwidths is not evident from the
heuristic approach. The effective grating lobes near the broadside
direction are a consequence of the element spacing. They are eli-
minated by using more closely spaced elements. Figures 4 and 5
are, respectively, E-plane and H-plane patterns for a 0 polarized
beam normal to the cone generatrix. The .iotation used corres-
ponds to the IRIG Standard (1966). Once again the so-called opti-
mum excitation results ir. unequal E-plane and H-plane beamwidths.
Cut and try methods can be used to adjust them for equality.

An alternative to the heuristic approach is one that may be termed
the equivalence principle approach. (Kummer, Villeneuve, 1969)
Using this approach it is possible to approximate prescribed pat-
terns whose correct sources can be determined on some prescribed
’ surface, for example, on a planar surface.
|
|

The problem is that of producing the pattern of a conventional
antenna, as illustrated in figure 6 by sources on a curved surface.
Let the conventional antenna be represented by a source distribu-
tion J., M. of electric and magnetic current distributions that pro-
duce the dédsired fields E,H as illustrated in Figure 7.

If the actual sources are surrounded by a closed mathematical
surface S, the fields E, H exterior to S will result if the actual
sources are replaced by equivalent sources Js and Ms on S where

J’ = nxH
M, - Exn

and n is the exterior unit normal to S as illustrated in Figure 8

! (Harrington, 1961). The equivalent sources produce no fields within S.

‘ Consequently, the mathematical surface S may be replaced by a per-
fectly conducting surface that lies just inside the equivalent source
currents J_ and M_ without affecting the external fields E, H as shown
in Figure 9. It can be demonstrated that electric source currents

: on the surface of a perfect conductor do not radiate. The total field

3 outside the surface may then be found from the magnetic currents

M_ radiating in the presence of the conductor as shown in Figure 10.

Consequently, if the proper equivalent magnetic source currents can

be synthesized on the conducting surface, the original field will re-

sult at all points exterior to the surface. In the case of interest the

original source may be a planar array and the mectal surface is a

T
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Fig. 1 Scale Drawing of Centers of Phase of the Elements
" on the Cone for the 360 Element Configuration
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é-Polarized Pattern of a Nose-Fire Beam for

0-Polarized Pattern of a Nose-Fire Beam for
a 360 Element Configuration

a 360 Element Configuration
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conical or ogival surface. The magnetic current sheets are sur-
face distributions of magnetic dipoles. A magnetic dipole can be

approximated by a slot on a conducting surface. Consequently, by
properly orienting and exciting slots on the metallic surface the de- E
sired exterior field can be approximated. The required source
distribution is known exactly since the initial fields are known.

The field equivalence principle has been used to synthesize 8
beams from slots on a cone with a half-angle of 10 degrees.
(Kummer, Seaton, Villeneuve, 1973) The desired pattern selected
to illustrate the technique is that of a planar array consisting of
24 half-wavelength slots on a circular groundplane. The slots were
spaced at 0.7 wavelength intervals on a square grid as illustrated "
in Fig. 11. The calculated E-plane and H-plane patterns of the 1
planar array are shown in Fig. l2.

RS S

—

The cone on which the equivalent sources were placed has an
angle, 0 , of 170 degrees and a base diameter of 5.08 wavelengths
The soufces on the cone were short crossed-slots arranged in rings
about the cone. The adjacent rings were separated 0.7 wavelengths,
with the first ring 0. 7 wavelength from the tip. The azimuthal spac- ]
ing of the crossed slots in the rings varied between 0.5 wavelength

and 0.7 wavelength. %’

The pattern computation was performed in two steps. First,
the equivalent sources on the cone were computed by determining
the field of the planar array on the conical surface. Then the pat-
tern of these equivalent sour ces was computed. In the pattern com-
putations an approximate element pattern was used i.e., if the
slot is visible from the field point, the element pattern is that of a 1
short slot in a groundplane tangent o the cone; if the element is
not visible, the element pattern is zero.

Patterns were calculated for two cases: %

) the beam directed along th% cone axis
b. the same beam directed 70" from the cone axis with

vertical polarigation. ;

The E-plane and H-plane patterns for case (a) are shown in
Figs. 13a and 13b. The coordinate system @', &', used to display
the patterns, is oriented so that the beam pointing direction is

; 0' = 90°, d' = 0%, The E-plane cut is taken through the beam with
[ d' held at 0°; the Hsplane cut is taken through th: Learn with 0'
held constant at 90°, It is apparent that the beamwidths agree well ;

with those of the desired patterns, though in the region of the firs:
sidelobe the synthesized pattern has a sidelobe only 16 dB down in

j the H-plane and 20 dB down in the E-plane, whereas the first side-
- lobe of the desired patterns is about 32 dB down in both planes.
The remaining sidelobe levels are about the same for the synthe-
sized patterns as for the dcsired patterns.
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Figure 13a. E-Planc Pattern of Synthesized Beam

Along Cone Axis
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Figure 13b, H-Plane Pattern of Synthesized Beam

Along Conc Axis
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There are several reasons for the discrepancies between the
desired patterns and the synthesized patterns. First, the sources
of the synthesized patterns are discrete, whereas the required
sources are continuous. Second, the element patterns used were
only approximate patterns and do not account for the cone curva-
ture or icattermg by the cone tip. For the beam directed along
the cone axis, the slots near th: tip are strongly excited and tip
scattering may be significant. The equivalence principle auto-
matically includes these effects in determining the source dis-
tributions and, if they were accounted for in the clement patterns,
better agreement between synthesized patterns and desired pat-
terns should result. Consequently, studies of improved element
patterns were undertaken and are discussed in Sections 3 and 4.
When the beam is steered away from the cone axis the tip region
is not strongly illuminated and the cffects of tip scattering should
not be so significant. This effect is illustrated in Figs. 14a and
14b, which show the synthesized patterns for case (b). The agree-
ment between the desired patterns and the synthesized patterns is
excellent. The main beams agree very closely and the sidelobe
structures are also in good agreement. This agreement is espe-
cially good in the H-plane, since the element patterns used for
computation in that plane are closer to the correct element pat-
terns. It is evident that the cross-polarized patterns are at very
low levels. In the E-plane the symmetry of the slot arrangement
on the cone cancels out any cross-polarization. In the H-plane
the symmetry is not maintained at points away from the beam peak,
but the excitations as determined from the equivalence principle,
keep the cross-polarized patterns at a low level.

These calculations indicate that the equivalence principle can
be a powerful tool when applied to the synthesis of antenna patterns
from general conformal arrays. When combined with the more
accurate element patterns discussed in Sections 3 and 4, = more
precise assessment of its utility will be possible.

3. Modal Series Solution

The radiation fieids from sources on conducting conical sur-
faces can be expressed as a series of modes that are characteris-
tic of those surfaces. Bailin and Silver (1956, 1957) published an
early analysis of such configurations and more recently Pridmore-
Brown and Stewart (1972) presented results of analysis and compu-
tations for the 0-component of the radiation field of circumferen-
tial slots on conducting cones. The analysis and computations have
been extended (Bargeliotes, Kummer and Villencuve 1974,
Bargeliotes 1974a, b) to include both the 9-component and the -
component of ficlds from both circumferential and radial half-
wavelength slots. Figure 15 illustrates the conical geometry and
slot coordinates.
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The H (cos 0) are the associated Legendrec functions of degree u
and order q, the J, (x) are Bessel functions of the first kind and
order v, and k is "the phase constant. The v, are the roots of the

equation

P';“_% (cos 0_) = 0

]
and the v, are roots of the equation

(AL g iy

o

-m
0P v-1 (cos Oo)

a0

Dt I QST s

It is pointed out that the 0-dependence is represented by the

Legendre function Pu r: 1 (cos Q) instead of P? (cos Q). This

choice simplifies the evaluation of the Legendre function on the
digital computer and is preferred. Also, except for a constant
factor of 1 /n, the expression for Ej agrees with that reported

by Pridmore-Brown and Stewart (1972) derived by the Kontorovitch-
Lebedev transform method.

3.2 Radial Slot
A narrow slot of width 2 w<< circumference is assumed to be
positioned along a generatrix of the cone and extends from r, to r,

as shown in Figure 15. It is furthar assumed that the length of the
slot, (r ~-r ), is such as to allow definition of the ends of the slot

by constant d' The slot is excited by a voltage V' resulting in an
electric ficld in the d-direction given by

e T

E, - v K@)

¢ o r'sin0
o

The function g(r') describes the variation of the source exci-
tation in the r' direction. The electric field components are as
foliows:
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3.3 Patterns

Numerous radiation patterns have been computed for half-wave
slots with ka equal to 39. on a cone of half-angle 10, that is, slots
6. 22 wavelengths from the cone tip with 0, equal to 190 degrees.
Patterns were measured for the same configurations and there was
excellent agreement between measurements and calculations., Fig-
ure 16 through 19 are patterns for a circumferential slot. The de-
parture of measured and calculated values for Q near 180° results
from the fact that the base of the experimental cone was imbedded
in absorbing material that blocked the incident radiation, while the
calculated patterns do not account for that effect.

f_ ] Figures 20 through 24 arc patterns for a radial slot. Once

4 ' again the agreement is excellent and the effect of the absorber is
. evident for @ near 180°. The asymmetry of the measured pattern
in Figure 24 is attributed to improper polarization adjustment of

the transmitting horn.
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4. Asymptotic Solutions

The modal series solution gives correct results for slots at
arbitrary distances from the cone tip. However, for slots many
wavelengths from the tip the computation becomes lengthy, and
numerical accuracy may become a problem as well. In that case
the techniques of the geometric theory of diffraction have been
applied to account for the effect of the surface curvature on the
radiation patterns of sources on cones. (Shmoys & Hessel, 1974)
However, as presecntly applied, the geometric theory of diffrac-

. tion does not account for the diffraction of waves by the cone tip.

.

jraaaris e et

£

Gtaist oty

An approach has been devised by Pridmore-Brown (1972,1973)
. to obtain an asymptotic solution for the 0-component of the fields
of circumferential slots. Out of his formulation a term, which
has been designated the tip-diffraction coefficient, has been iden-
tified. It describes the effect of the tip in terms of a function of
0 and the cone angle and is independent of ka.

Rt e e e b

B T

The geometry under consideration is a perfectly conducting
conical surface coinciding with the coordinate surface@ = 0_of a
spherical coordinate system r, 0, é. A narrow azimuthal sidt 1n-
cated at r = a is excited by an alternating voltage.

NPT T T

v, cosmd

where the time variation exp(-iwt) ha s been suppressed.
The external field generated by this excitation is give by

E = curl curl (rﬂl) + k curl (rl’!z)
where I]g, and Hg are scalar potential func*ions and are given by

equations (3) and (4) of Pridmore-Brown (1972). The field com-
ponents are given by the following expressions

E = -—r?— (21rka)!5 cosm$ exp[i(kr - n/4)] P9

(4]
where
[ o 10 sin@ sin@ 20
|
b Z
(. _1 vdv ' -V
19_= Tnl / V2 Alv (9,90)1 Jv(ka) %
c, |
-1 vdv Vv F' (ka)
Pro = 2“/ o 8808 1 A
€y
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p""‘ (cos@)
ALO0) = vl
v o

-m
Pv_ (cosOo)

i il Thald

-0
Pv-‘s (cos@)

(3/30) P™ (cos@)

: |
; v-) 6, i
!
|
|

3,(x) = (r’;—)!5 3,(x)

and
E Yo rea
g = = V2rka m sinmd exp[i(kr ~n/4)) Py ;
E
where
=) 1
P‘ "~ sing Pld * sin6, Pzd

L -‘v
Pl.é = -._1__/ _vdv A1v(9’°°’ i Jv(ka)
vZ -y

P = -_1 vdv ' -V
2¢ ol / ~ sz (9,90) i 3\,' (ka)

The integrals are taken over a hairpin contour enclosing the
positive real axis of » > 3. (Primes denote derivatives with res- .
pect to the argument or with respect to the first argument in the
case of two arguments. For clarification, we have also added the
the subscript @, d to denote quantities corresponding to EO ard Ed’

respectively.)

The integra:ds have poles along the positive, real v-axis and
the modal series is obtained by cvaluating the residues at these
poles. The approach uscd by Pridemore~-Brown(l972) obtains a /
portion of the modal series by c¢valuating the residuc ata
number of poles, N. The remaining portions of the fields are now

T re—————
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] represented by the displaced contour shown in Figure 25. By im-
1 posing the restriction l<<N<<ka, it is assumed that the Legendre

? functions in the contour integrals may be represented by asymptotic
g expressions valid for largev and that the Bessel functions in the re-
F sidue series may be represented by asymptotic expressions valid

: for ka>>v. The contour integrals are then evaluated and the limit
taken as N approaches infinity with ka>>N. This operation results
in a non-vanishing value for the contour integrals that represent
what are termed optical and transitional fields. The sum of the
residue series yields the term that is designated as the tip dif-
fraction coefficient,

A complete expression for the E component of the radiation
field in terms of the optical, transition, and diffraction fields may
now be written from the results of Pridmore-Brown (1972, 1973).
Thus,

-cosg \ s
€, = cos mé 2]  lexp(ikR) + I exp(ikR') H(n -g,-8) + TF]

expfik(r+a)]
(ka)!i om(e’eo)}
where
= 2qi cot(n-Qo)] 4
= E ——
& 8 Vs [ ka

R = r-acos(8-6,)
R' = r-a cos(9+9°)

H(a) is a step function, (li(a) = 1 for a > 0), 6 # 0.

TF is the transition field contribution

r = 1¢-1)™

The first two terms in brackets represent the optical field contri-
bution. The expressions for TF ando_are quite complicated.

They are available in Pridmore-Brown (1972) and are not included f
here.

The expressions of Pridmorc-Brown (1972, 1973) are being ]
programmed and an anologous expression for the d-component of

f L7
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3 of the electric field has been derived and is also being programmed
4 for numerical computation. The general form is similar to that
for the 0-component but there is no optical contribution, and the
transition fields and diffraction coefficients arc different than for

" the 0-component. The form of Ed is as follows
e ~cos 0 \1 exp [ik (r+a)]
%" Ed = m sin m ¢ ;(sin 5 o) TFd + =" Umd(o' oo)
l 1
r

[Z_fri cotgﬂ-oo)] H
ka

= E, =
€4 dvo

B i e e G

: It should be noted that as defined by Pridmore-Brown o

' has a singularity at 9 =7 - 0 . However, there is a compeng\gting
singularity in TF, so that the total field remains finite at that angle.
A similar thing occurs for o It appears that by combining the
singular terms in the transifion fields with the singularity in the

tip diffraction coefficients new diffraction coefficie it could be de-
fined, that remain finite everywhere and that describe the diffraction
] due to the tip of the cone. The total tip-diffraction could then be
obtained by summing - . cr the T and 0,4 weighted by the corres-

: ponding strength of the mi'th source coefficient. The remainder of

3 the field could be obtained by the geometric theory of diffraction

k and the results combined to give the total field valid for large values
1 of ka.

| The combination of the complete modal series solution when

! ka is small and the geometric theory of diffraction with tip-diffrac-
tion coefficicnts when ka is large provide the capability for pattern
calculation for slots at any distance from the cone 'p.

5. Conclusion

The problems of pattern synthesis for arrays on conformal
] surfaces, and element pattern calculations for slots on conical
s conducting surfaces have becen discussed and the results of pattern
: calculations have been summarized. The synthesis techniques and
L_ pattern calculation mcthods discussed provide some of the tools
- necessary for the design of arrays on such surfaces. Specifically,
the synthesis techniques yield the required element excitations for
a specified pattern, while the element pattern calculation techniques
, provide the ability to verify the correctness of the synthesis proce-
3 durc. These capabilities, combined with the results of impedance
calculation techniques make it possible to design and predict per-
formance of arrays on surfaces that could hitherto only be estimated.
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Surface Ray Analysis of Conformal Arrays

A, Hessel, J, Shmoys, Z.W, Chang

Department of Electrical Engineering and Elcctrophysics
Polytechnic Institute of New York
Farmingdale, New York 11735

ABSTRACT

This paper will deecribe the progress for the period from
July 1, 1972, to March 31, 1975, at the Polytechnic Institute of New York
in application of surface ray methods to analysis of radiation patterns and
mutual coupling in arrays of aperture elements on convex conducting
surfaces, with particular emphasis on conical arrays. This effort has

been partly in cooperation with NELC, and has been funded by NAVAIR.,
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} Introduction

In order to put the material of this report in a proper prospective, it
is dcsirable to first review the basic fecatures of the surface ray mcethods and

their state of the art, as reflected in the published literature,

The two basic ingredients requirced for the theoretical evaluation of
the perforn.ance of a conformal array of aperture clements are the far ficld
pattern and the surface magnetic ficld due to a tangential magnetic current

element located arbitrarily on the unperforated convex conducting array sur-

face, With this information, it is a simplc matter to determine the elen.ents
of the niutual adm:ittance matrix and also the isolated element patterns, which
in turn yicld array patterns, once the array aperturc illuniination is known,
The latter is obtained by inversion of an admittance matrix, the diagonal tern.s
of which are the sum of the element sclf admittance and the admittance ''scen'’

from the aperture plane '"'looking'! into the respective feed waveguides.

Analysis of conformai arrays is complicated by the fact that fo» sur-
faces other than circular cylinders, spheres and cones, Maxwell's equations
do not scparate, and consequently, exact solutions arcnot available. Even
for these threce separable gecometries, when the radii of curvature becon:ic
large compared to wavcelength, a rigorous field representation in tern's of
modal series is slowly convergent, and their numerical evaluation require
excessive computer time. These difficultics may be avoided, for not too sn.all
radii of curvature, i.c., for ka 2 10, by rccourse to the surface ray methods,
bascd on Keller's Geometric Theory of diffraction (GTD)I. Surface ray solu-
tions do not require separability of geon:etry, yield very simple formulac
which largely reduce the computing time, and simultancously provide an un-
derstanding of the far ficld pattern formation and of the physical mechanism
operative in mutual coupling.

The basic reason for the relative simplicity of ray solutions as com-
parcd with the rigorous modal niethods is that in conirast to the ¢xact modal
mecthods which deal cqually with all‘the global field details on the entire surface,

the approximate, asymptotic ray methods have an inherently local character.
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E GTD postulates, inaccordance with Fermat's principle that propagation :
] of high frequency E-M waves on a smooth convex conducting surface with a suf- ¢
~ ficiently large radius takes place along surface rays the trajectories of which 5
arc, in accordance with Fermat's principle, gocedesics of the surface (Sce Fig, 1), j
k Surface ray fields travel with nei.r-free space velocity along their ray paths and 1
while traveling, attenuate., The attenuation is a result of radiation, since at :
every point of its trajectory, (Sce Fig. 2) a surface ray sheds encergy to far i

. ficld, along the local ray direction.

, The local character of surface-ray ficlds manifests itscelf in their inde-
4 pendcnce from the neighboring ray ficlds (except at a caustic) and in addition,
in that the field at an observation point can be determined fromn the local geo-
metrics at the source, at the observation point, and from the local propertics
of the surface along the ray. As a result, GTD can assign to cach point along
a surface ray a ficld amplitude, phase and polarization. Once these quantitics

arc known at the launching point, they may be traced along the entire ray path,

For cxample, if a surface ray is launched by a magnetic current ele-
ment pp, located at a point Q on a convex conducting surfacce and obscrved at
Q (S=c¢ Fig. 1), then the expression for the surface ray magnetic ficld at Q for

the so-called hard polarization is given by

1 Q Q
~" [ “aPtsras-i [ e(sras
. Q"/ Q'
H™Q) = Clpm* b/ ILNQ ) LD(Q)e 5(Q’, Q)
(1)
For the hard polurirzation the current flow is along the ray direction. Formu-

la (1) has a typical GTD formiat. It consists of a product of scveral factors,

Somc of them, like the launching cocfficient Lh(Q’) or L]’(Q) depend solely on the

local cnvironment at Q7 or at Q and arc weakly dependent on the transverse
curvature to the ray direction. As a result they may be calculated once and
for 4]l from a rigorous solution of a canonical problem of a cylinder or a sphere

The cxponcential factors on the other hand yield the propagation characteristics

: of the surface ray ficld. They furnish the overall attenuation and phasc delay
) over the ray path from Q' to Q as anintegrated cffect of the local differential
phasc delays g(s) and attenuations qs). The als) and &(s) depend to first order ]

only on the local radius of curvature. pg(s) of the surface in the plane con-
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taining the surfuce normal and the local ray dircction. Thus as) and g(s) arc
equal to their counterparts on a conducting circular cylinder with the radius

pg(s) and with its trajectory planc normal to cylinder axis.

The factor (pm*b’) in Fig. (1) indicates that a hard polarization ray
is not launched in the direction of pm since b’ is the local ray-binorr-al at
Q’ (Fig. (1). The sccond factor b indicates that for hard polarization the sur-
face magnetic ficld is dirccted, at every point, along the local binormal, The
third factor, the launching cocfficient L’(Q’) depends on Tk P (Q1)] -1/3 at the
sourcc point and vanishes for planar geometry. The fourth factor Lh(Q) has
an identical form with LMQ’), but is evaluated at Q, i.c. is proportional to

[kpg(@)] ™!/,

The prescence of the factor Lh(Q) symmetrizes the expression (1) with
respect to an interchange of Q' and Q and is reguired because of reciprocity.
Finally §(Q’, Q) is the ray divergence cocfficient. It accounts for an algcebraic
amplitude decay with incrcasing s due to the usual ray sprcading, when their

trajectories are not parallel.

The analogous formula for soft polarization is o
Q
- oftsras i e*ts1as
8 ’ ] Q' Q’ ’
H5(Q) = -C(pm-t ')t L3*(Q')L*(Q)e 8(Q% Q)
(2)

The surface ray is launched at Q' in the direction t / with a coefficient

Clpm 't_')LS(Q'). The local direction of the surface magnetic ficld for the
soft polarization is along the ray. Each polarization has its own launching co-
efficients, the expressions for which may be found in {11, The terminology

o) e q q T w
hard and soft originated in acoustics. Hard boundary conditions are %—l-‘] = 0,

soft - ¥ = 0 on the surface. J
It turns out that for a hard surface ray the clectric far ficeld has the di- . Ii
rection of the surfacce normal at the point of contact (Fig. 2), at which the ray .h

leaves the surface to the far field. For the soft polarization, the surface ray

far ficld & is along the surface ray binormal at the point of contact. The fac-

tors (pin -R')L]‘(Q') and (pyy°t ') L8(Q’) appcear also in the far ficld expressions. ]
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But things arce not so simple¢, because for cither polarization, and a
given ray trajectory there is an infinite number of surface rays with increasing
attenuation. These are analogous to higher order leaky modes. The lowest
attenuation is associated with the dominant hard polarization ray having
ol ~ 3.8. (kng)'2/3 nepers/y. The next higher is o5, ~ 2. 31" followed by
alh .~ 2.30) [followed by czh ~ 3. 250‘,1h and so on.

Becausc of the large difference in attenuation, the higher order surface
ray ficlds damp out faster than the dominant, so that sufficiently far from the
sourcc only onc ray ficld will dominate the surface. This region is termed
dccp shadow (Sce Fig. 3). As the observation point on the surface approaches
the source, an incrcasing number of higher order surface ray contributions
must be taken into account and the surface ray scries becomes poorly conver-
gent. To overcome this difficulty, one employs the so-called transition func-
tions which ncar the source provide an alternative rapidly convergent repre-
sentation of the surface ficld and yicld a smooth transition between a single

ray field description in the deep shadow and the planar result near the source.

Differcnt transition functions due to Fock are employed in the far field.
In the far field we distinguish between the Lit and the Shadow regions (Fig. 4)
separatcd by the Shadow Boundary. To provide a smooth transition between
the fields in these regions one introduces a transition region, the angular width
of which is of the order [kaW-I 3 at the source. The transition region in turn
is subdivided into a lit transition part and a shadow transition part, We then
actually have four far ficld rcgions, and in each differcent ficld expressions which
blend continuously across the respcctive zone boundaries: in the Geonetric
Optical region the fields are described in terms of real ray expressions; in the
deep shadow a single surface ray field suffices, and in cach transition region,

a different transition function is used.
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1I. Contract Accomplishments

Phase ).

a) In order to gain anunderstanding of how well the surface ray mcthods
work in conforn.al array applications and pet an idea of accuracices involved, we
have obtained during the first stage of the progran: GTD clenent patterns in
mutually coupled array environment of axial, parallel plate guide-fed ¢lit ar-
rays on circular cylindrical surfaces, and have con parcd the answers with
the available modal results, The agreen ent was excellent, We have subsce-
quantly extended the analysis to slit arrays on cylindrical surfaces of variable
curvaturc, with application to parabolic cylindrical surfaces. Thesce results

have been published in [27 and [3)].

b) During the sccond stage of Phase | we procceded to the analysis of
radial slot arrays on conical surfaces. In the far ficld formulation we have
madc an extensive use of the GTD treatnient in [47. A shortened and inproved
version of this report appearcd in [51. Thesce very well written expositions of
the state of the art of GTD contain certain deficiencies which were corrected

by us for the special casc of conical geonetry.

The basic deficiency stems from the fact that the GTD fornulac of

[4] and [ 5], as the authors also point out, are valid for torsionless surfaces,
such as spherces, for which the surface ray trajectorics are plance curves.  The
authors do not claborate on the concequences of this restriction, For exan ple
GTD forn:ulac in [47 and [5) invariably predict sin:ultancous excitation of bota
hard and soft polarizations. Yet we know very well that an axial slot on a tor-
sional surface such as a circular cylinder, or a radial slot on a cone excite
only one (hard) polarization. Kouyoun:jian has later obtained a heuristic cor-
rection factor to the soft launching coefficient [m, which suppresses the soft
polarization when the radius of curvaturce in the plance containing the slot dirce-
tion and the surfuace nornal becomes infinite. But this correction factor is too

heuristic, and needs to be proven for the general case.

Another deficiency ot the published GTD fornaulae for a niagnetic point

current source is that the fur ficld polarization on a cone does not blend with
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the gcometric-optical polarization across the g. o, -lit transition boundary.

This was corrected in our computer programs.

We turn now to mutual coupling. Asymptotic expressions had to be dc-

veloped for the surface magnetic ficld due to a short axial slot on a circular ’
cylinder, In this deveclopment we have followed [7]. These expressions werc
subscquently generalized to a cone and applied to analysis of element patterns

: in mutually coupled conical array environment of open ended circumfercntially

polarized rectangular waveguides. This topic is covered in the companion

. paper by G. Vaughn of NELC.
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Phase 2

In the second phase of the contract we have developed a computer program
We

ST

for the GTD radiation pattern due a circumferential short slot on a cone.
have also obtained, starting from a rigorous integral representation, the neces-
sary transition function for the surface magnetic field Hyp due a circumferential
The expressions were subsequently gencral-

In the deep shadow, the result checks with

short slot on a circular cylinder.
ized in a GTD manner to a cone.
the rigorous asymptotic solution for a surface ray obtained directly in a conical
geometry. (8]

I Development of a computer program for mutual admittance calculation

between two circumferential slots on a cone was started, and some initial re-

sults were obtained.

.

e
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III, Numerical Results

Since a report summarizing Polytechnic Institute's effort in Phasc 1 has
been issued (9] » we shall limit oursclves herc only to the presentation of specific
results obtainced at P.I. N. Y. in Phasc 2 plus some additional relevant results
for far ficld patterns for radial slots ona cone. We shall first present examiples
of GTD far ficld patterns for a short radial slot on a conc along with a conparison
with harmonic series data from rcf. [10], then results for circuniferential slot
patterns, and subsequently some preliminary results for mutual coupling between
circumfercntial slots on a conical surface. Fig. 5 shows the cone geometry
and the spherical coordinate system. In all subsequent figures the cone half
angle was chosen 0q = 10°. The elevation angle § is measured from the posi-
tive z axis. The center of slot is located at ¢ = 0° R is the distance of the cle-

ment center from the tip.

Tig. 6 shows a conical cut for § = 80° (i. ¢. cut normal tc cone surfacc)
for a short radial slot located about 6.2) from the tip. Solid lines are GTD rec-
sults, points arc experimental results from [10] for a /2 radial slot, crosses
are harmonic series calculations from [10]. One observes an excellent agree-
ment between GTD and harmonic series in both polarizations. This is romark-
able, in view of the value of ky~6.5. The agreement is expected to be better for
radial slots than for circumferential ones because for the former the tip is weakly
excited. The ripple near 180° is caused by the interference between a clockwise
and a counterclockwise traveling surface ray. This feature is schematically

shown in Fig. 7.

InFig.8 wesee the clevation patternofa radial slot for o = 40%and ¢ =140°
or by symmetry o = 220%.  Again the agreement between GTD and harmonic scries
results is quite good. The null near 109 is found in the gecomctric optical region
and therefnre is not due to an interference, but to the fact that the g. o, ray in

this particular direction is @ polari-:ed.

Fig. 9 shows a conical cut § = 80° for a short circumfcrential slot in
both polarizations. Again agrecment is good for E¢p and less for E@ in the
o= 1800 region. The discrepancy, however, may be also due to an insufficient
number of terms in the harmonic scries. This is not an uncommon problem

with harmonic series on a cylinder, ncar 180°,

s s
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Fig. 10 is a comparison between a GTD and harmonic series results
for a \/2 circumferential slot for a conical cut § = 80°, The tip effect is small

in this cut and there is a very good agreemecnt except in EB again near ¢ = 150°.

The differences between GTD and harmonic series patterns show up best,
as expected, in the elevation patterns (Fig. 11). Here we have an Eg clevation
cut through thc center of the circumierential slot. On the lit side we notice a
good agreement except ncar the tip and near the cone surfaces. One may csti-
mate the level of the tip scattering from the diffcrence betwecen harmonic serics
result on the axic and GTD in the axial direction. The total level difference is
about 2db above the geometrical vptical contribution. Consequently, for kR = 39
the tip scattering level near the axis should be about -12db below the geometri-
cal optical contribution. Proceeding into the shadow region, one observes in
the harmonic series a ripple. This ripple is a‘result of an interference betwecen
the surface ray field and the tip scattering. The ripple is absent in t\he GTD
version, in which tip scattering is not accounted for. The null in the GTD pat-
tern at about § = 105° appears because the particular surface ray that contributes

to far field at 9 = 180° § = 105° is launched in the direction of the long dimen -
4
sion of the slot, <o that (py'b ) is zero.
Fig. 12 presents an elevation cut for ¢ = 90° and both polarizations.
The agreement for (Ey) is very good. For Eg in the axial region the harmonic
series result shows presence of cross polarized tip scattering which is missing

in GTD. The level .f tip scattering is about 9. 5db below the g.o. level on the

axis.
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IV. Mutual Coupling

Let us now turn to mutual coupling. The GTD results of [5] are inade-

quate for three reasons:

a) Because a conical surface has torsion and torsionless GTD formulac

do not handle properly the soft polarization.

b) Because formulation in [5] does not permit a sufficiently close
approach to the source, such proximity is required for calculation of mutuals

between near neighbors, and

c) Because the soft polarization contribution (soft transition function)

blows up along the ¢ = 0 cone gencrator.

To amend the situation we have started from a rigorous integral repre-
sentation for the surface magnetic field due to a circumferential short slot on
a circular cylinder and have obtained a transition function that on one hand per-
mits a close approach to the source where it reduces to a planar result and on
the other hand properly blends with the deep shadow formulation,
The expressions are finite on the ¢ = 0 generator, but are not entirely correct
in the generator region because the Airy Function approximation of Hankel func-
tions is no longer valid in this region. This solution has subsequently been gen-

eralized in a GTD fashion to a conical surface,

Fig. 13 shows some initial nrumerical results for the H-plane mutual ad-
mittance on a cone between two circumferential X /2 slots of width 0.05\. The
slots are located at a constant distance kR = 50 from the tip. The magnitude
of Y)2 is plotted in db relative to the self admittance of a planar X/2 slot, The
minimum distance d between the slot centers is 0. 6X and further spacings that
have been computed are in increments of 0.1\. It is secn that for kR = 50 the

decay of Y)2 over 180° is about 57db.

The phase plotted is the difference of the phase of Y] over 1802 minus

the phase kD, where D is the length along the geodesic between the slot centers.

Fig. 14 shows the magnitude and phase of H plane Y]2 for various dis-
tances of circumferential slots from the tip. It is secn that with increasing
distance kR which results in an increasc of radii of curvature, the Y, curves

approach the planar ones.

The formulae on which the above numerical results are based may be

found in [11],
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V. Conclusion

We have come a long way since the beginning of the contract but there
is yct a lot to be done, e.g..

a) determination. of launching cocfficients for the soft polarization
on convex conducting surfaces with two unequal radii of curvature.

b) determination of ficlds near the cylinder axis or the cone gencrators.

c) the cone tip dif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>